Keap1 is a substrate adaptor of a Cullin 3-based E3 ubiquitin ligase complex that recognizes Nrf2, and also acts as a cellular sensor for xenobiotics and oxidative stresses. Nrf2 is a transcriptional factor regulating the expression of cytoprotective enzyme genes in response to such stresses. Under unstressed conditions Keap1 binds Nrf2 and results in rapid degradation of Nrf2 through the proteasome pathway. In contrast, upon exposure to oxidative and electrophilic stress, reactive cysteine residues in intervening region (IVR) and Broad complex, Tramtrack, and Bric-à-Brac domains of Keap1 are modified by electrophiles. This modification prevents Nrf2 from rapid degradation and induces Nrf2 activity by repression of Keap1. Here we report the structure of mouse Keap1 homodimer by single particle electron microscopy. Three-dimensional reconstruction at 24-Å resolution revealed two large spheres attached by short linker arms to the sides of a small forked-stem structure, resembling a cherry-bob. Each sphere has a tunnel corresponding to the central hole of the β-propeller domain, as determined by x-ray crystallography. The IVR domain appears to surround the core of the β-propeller domain. The unexpected proximity of IVR to the β-propeller domain suggests that any distortions generated during modification of reactive cysteine residues in the IVR domain may send a derepression signal to the β-propeller domain and thereby stabilize Nrf2. This study thus provides a structural basis for the two-site binding and hinge-latch model of stress sensing by the Nrf2-Keap1 system.
K eap1 (Kelch-like ECH-associated protein 1) is a multifunctional protein that represses activity of the transcriptional factor Nrf2 (NF-E2-related Factor 2). Nrf2 promotes expression of various cytoprotective genes in response to xenobiotic and oxidative insults (1) (2) (3) . Whereas Keap1-null mutant mice are juvenile-lethal due to hyperkeratosis of the esophagus (4), hepatocyte-specific knockout of the Keap1 gene robustly elevates accumulation of Nrf2 in the nucleus and protects hepatocytes against acute drug toxicity and inflammatory liver injury (5, 6) . In contrast, the risk of oxidant-induced acute lung injury is significantly increased upon dysfunction of the Nrf2 gene (7) . Similarly, Nrf2-null mutant mice are susceptible to environmental toxicants and various pathologies, including hepatotoxicity, pneumotoxicity, neurotoxicity, carcinogenicity, and inflammation (8) (9) (10) . The induction of Phase 2 enzymes through augmentation of the Nrf2 activity has been widely accepted as a promising approach for cancer chemoprevention, for protection against oxidative stress, and for chemoprophylaxis against stress-related disorders (11) (12) (13) (14) . Indeed, a number of Keap1 loss-of-function somatic mutations have been identified in human lung cancers and cancer-derived cell lines in which Nrf2 is constitutively active (15) (16) (17) . The latter finding suggests that Keap1 may sensitize cancer cells to chemotherapy.
Keap1 is a member of newly described BTB and C-terminal Kelch (BACK) domain-containing protein family (18) . Keap1 is a substrate adaptor component of a Cul3-dependent E3 ubiquitin ligase complex that contributes to the rapid degradation of Nrf2 (19) (20) (21) (22) . Oxidative and electrophilic stresses covalently modify cysteine thiol residues of Keap1 and abrogate the Keap1-E3 ubiquitin ligase activity, which leads to the stabilization and activation of Nrf2 (23) . Thus, in response to such stress, Nrf2 is released from Keap1 repression, accumulates in the nucleus, and activates transcription of cytoprotective enzyme genes.
Keap1 retains four discrete domains: i.e., BTB (Broad complex, Tramtrack and Bric-à-Brac), IVR (intervening region), DGR (double glycine repeat), and CTR (C-terminal region). The DGR and CTR domains in collaboration form a β-propeller structure and interact with the Neh2 domain of Nrf2 (hereafter we refer to these two domains of Keap1 as the DC domain). The IVR domain contains two critical cysteine residues, Cys272 and Cys288, that are important for repression of Nrf2 activity. This suggests that these residues are important for the electrophilic stress sensing (23, 24) . Whereas the BTB domain acts to dimerize Keap1, the Cys151 residue in the BTB domain also appears to be important in stress sensing, even though it is not required for the repression of Nrf2 activity per se.
We describe a unique molecular mechanism employed in the repression of Nrf2 activity. The substrate adaptor Keap1 forms a dimer to accommodate Nrf2 and the stoichiometry of Nrf2: Keap1 is 1∶2. So that the Keap1 dimer recognizes and binds two evolutionarily conserved degrons, DLG and ETGE in Nrf2. These two motifs show two orders of magnitude difference in the association constant to the DC domain of Keap1. The twosite binding enables Keap1 to initiate efficient ubiquitination of Nrf2 (25) (26) (27) . Importantly, perturbation of the Keap1-Nrf2 binding, especially at the weak DLG site, blocks Nrf2 degradation (a hinge and latch mechanism) and this constitutes the critical electrophilic/oxidative stress sensor function (28, 29) . The necessity of both degrons for efficient Nrf2 turnover has been supported through structural, biochemical, and clinical analyses (27, 30) .
To understand the molecular mechanisms underlying the interaction of Keap1 with Nrf2, two groups of investigators have solved the crystal structure of the substrate-binding DC domain of mouse and human Keap1 (15, 31) . Nonetheless, the molecular mechanism whereby modification of IVR Cys residues affects the binding of Nrf2 degron motifs to the DC domain remains to be clarified. This is partly due to the difficulty in crystallizing the full-length dimeric Keap1 protein. To this end, we examined the three-dimensional imaging/reconstruction analysis of mouse Keap1 homodimer by EM by use of negatively stained proteins.
Results
Purification of Mouse Keap1 Protein. Recombinant mouse Keap1 (M1-R614) protein with a C-terminal six-His tag was purified by Ni-NTA agarose affinity chromatography and twice by Superdex S-200 size exclusion chromatography (SEC). Keap1 was eluted from the second SEC as a sharp peak at 1.03 mL (Fig. 1A) , which corresponds to a major protein band with an apparent molecular weight of approximately 80 kDa in SDS-PAGE (Fig. 1B) . The major protein band was confirmed to be Keap1 by immunoblotting analysis with anti-Keap1 antibody (Fig. 1C, right) . A faint band at 150 kDa corresponds to the size of Keap1 dimer. An aliquot at 1.03 ml elution was used for the EM study.
Molecular Shape of Keap1 by EM. Mouse Keap1 recombinant protein was negatively stained and imaged by EM at x 52; 100. Keap1 displayed variously shaped particles of uniform size with dimeric assembly ( Fig. 2A) . Most particles had two isolated spherical bodies joined via linkers to a forked-stem structure (Fig. 2B) . The distance between the two spherical masses varied, reflecting different orientations of the same molecule. Although rarely observed, the image of two spheres joined by a straight linker (Fig. 2B , Upper Left) is postulated to be the top view, while particles with a hinged linker likely represent side views (Fig. 2B , Lower Second from Right). Minor projections with extremely distant spherical bodies were also observed (Fig. 2B , Lower Right).
Three-Dimensional Reconstruction of Keap1. We then performed a three-dimensional reconstruction (32) using our Single Particle Image analysis method using Neural Networks and Simulated annealing programs (33) (34) (35) (36) and the IMAGIC V software (37) . From the initial 12,651 EM images, 9,827 particles (77.7%) were selected during the image analysis for the final reconstruction. Representative raw images are presented in Fig. 3A (First Row) with their corresponding class averages (Second Row) and with surface representations and projections of the reconstructed three-dimensional structure (Third and Fourth Rows). A high degree of consistency was observed in size, shape, and inner structure among these datasets (Fig. 3A) , indicating successful reconstruction from the original particle images.
Euler angle distribution of 162 adopted class averages ( Fig. 3B ) appears to cover the whole angular range, with a small bias reflecting a somewhat preferred orientation. However, this is not considered to cause distortion in the final structure. The resolution is 24 Å if a Fourier shell correlation function (38) of >0.5 was used as the resolution criterion (Fig. 3C ).
Structural Features of the Keap1 Molecule. The surface representation shows two spherical bodies joined by thin linkers to a forkedstem structure, roughly resembling a pair of cherries (Fig. 4, Left) . From the top, the two round domains form a nearly straight line with the stem-like joint in the center (Fig. 4B, Left) . Keap1 measures about 160 Å across the width of the "cherries" and is 60 Å at its greatest depth (Fig. S1A ). Molecular height estimated from the side view was 103 Å. Each globular domain was a vertically elongated sphere with dimensions of 60 × 60 × 78 Å; the surface was basically continuous and smooth. In contrast, the surface of the stem region was rough and thin; one linker leading from the stem structure near the point of connection appeared to be partially disengaged from its "cherry." Two small orifices were also observed on each sphere: A larger orifice approximately 15 × 17 Å is prominent on the top (Fig. S1B, 18-25 ) and a relatively smaller elliptical orifice of approximately 10 × 12 Å or smaller, appears at the bottom (Fig. S1B, 1-3 ). Between these orifices is a vertical tunnel (described below). For surface representation, the threedimensional map is contoured at an isosurface containing a volume corresponding to 155.3 kDa, which is 110.3% of the molecular mass of dimeric Keap1 (140.8 kDa) calculated from the amino acid composition. This additional volume is attributable to minor thermal-vibration-induced structural variations, which cannot be ascertained by current biochemical techniques or software.
Internal Structure of Keap1. Sections through the Keap1 molecule are displayed in Fig. 4 (Right). As demonstrated by the density map of the vertical sections, the two globular domains connect indirectly through narrow linkers to a central mass (Fig. 4B , Right 20-40). The stem-shaped central mass roughly comprised two thin, interacting layers separated by a narrow gap. Each globular cherry is a rounded, high-density cylinder with an internal lowdensity tunnel formed between the two small surface orifices (Fig. 4A, 4-9 and Fig. 4B, 0-60) .
Assignment of the DC Domain to the Globular Densities. We recently reported on the crystal structure of the DC domain formed by residues 324 to 613 of mouse Keap1 (PDB accession code 1X2J) (15) . We searched the low-resolution three-dimensional map for densities that could accommodate the DC structure by visual inspection using Chimera. Only the prominent globular domains showed a good fit (Fig. 5) . One of the internal tunnels (mentioned above) is inclined at 20°to the pseudosymmetric axis, while the other is almost parallel to the axis (Fig. 5B , White Dotted Lines). Each of the tunnels fits the central channel of the drumshaped β-propeller DC domain in the atomic model (Fig. 5B) , although in the reconstruction an additional bulging density is apparent around the DC domain (Fig. 5C, D) .
To further confirm the molecular fit of the DC domain, the protein was mixed with either anti-Keap1 or gold-conjugated anti-Keap1 monoclonal antibodies, which recognize epitopes within the DC domain. To remove unbound Keap1 from samples, the Keap1/anti-DC antibody complex was isolated by using SEC (Fig. 6A) . Because the Keap1 dimer (140 kDa)/antibody (150 kDa) complex is bigger than the free Keap1 dimer or the antibody alone, the complex was clearly separated as the earliest peak. Notably, free Keap1 molecules, although smaller than IgG in molecular mass, were subsequently eluted before the free antibody. IgG has a maximum dimension of 150Å, and its other dimensions are comparable with those of Keap1. Considering the flexible nature of the linker among the two Fabs and Fc, this elution profile suggests a relatively stable, stiff architecture between Keap1 domains. Indeed, the negatively stained images revealed that the antibody attaches to one of the large spheres of Keap1, confirming the presence of the DC domain in the sphere (Fig. 6B, Upper) . The antibody binding is further verified through the binding of protein G-gold conjugate (Fig. 6B, Lower) .
Location of BTB, IVR, and DC Domains. It has been believed that in the Keap1 molecule, the IVR forms a long helical linker that connects the BTB domain and DC domain, or the β-propeller substrate-binding domain (Fig. 6C) . To our surprise, however, as shown in molecular fitting with the crystal structure of Keap1-DC, the β-propeller domain only partially occupies the EM density of the large spheres (Fig. 5) . While the EM Keap1 three-dimensional model also shows a linker region between the two major structural entities (i.e., BTB and DC domains) on either side, the linkers are quite short and lead into the upper polar ends of the large globular domains.
The stem region occupies only 13.5% of the total molecular volume (Fig. 4A , Blue Colored), whereas the two globular domains occupy 86.5%. Compared with the theoretical mass ratio of the functional domains in Keap1 based on their primary amino acid sequence (BTB, 28%; IVR, 23%; DC, 49%; Fig. 6C ), this ratio indicates that the stem region is part of the BTB domain, whereas the globular domains are mostly composed of the IVR and DC domains (Fig. 6D) . This is consistent with the bulkiness and extra volume observed around the DC domain in the fitted EM density map as described above (Fig. 5) .
Structure of BTB Domain. To further support the interpretation of the Keap1 structure, we attempted to fit the EM density of the forked-stem domain to the crystal structure of a BTB-zinc finger protein known as LRF (PDB-ID: 2NN2) homologous to the Keap1 BTB domain (39) . As illustrated in Fig. S2A , B, each LRF model almost fits into the main body of the stem structure, except helices 2 and 3 (H2 and H3). This suggests that a part of the Keap1 BTB could have protruded from the stem region to form the short arm linkers, which connect to or even intrude into the beginning of the spheres. In fitting the LRF model into the stem domain, Asn103 (Magenta Colored) corresponding to Cys151 of Keap1 is located at the outermost edge, directly connecting to the linkers. This is consistent with the volume ratio interpretation (Fig. 6C, D) .
Discussion
The x-ray structure of the Keap1 DC β-propeller domain has been solved both with and without substrate peptides (15, 30, 31, 40) . In this study we present an EM reconstruction of the entire mouse Keap1 homodimer structure, including the BTB and IVR domains, at 24-Å resolution. The forked-stem structure in the center attaches to two short arm linkers, which further connect to two large spheres in pseudo-twofold symmetry. We surmise that there are several critical findings in this study. First, the BTB domain forms both the stem-like region and short arm linker. The forked-stem is made of two thin layers, with an observable gap between them. This is consistent with the known dimerization role of the BTB domain (2) , and indicates that each of the layers comes from a single Keap1 monomer. Second, the IVR and DC domains constitute the bulk of the sphere, and the C-terminal part of the BTB domain consists of the short linker between the forked-stem structure (BTB dimerization domain) and the sphere (IVR and DC domains). Third, IVR appears to be attached closely to the outer surface of the DC domain, instead of forming a long helical linker. This notion is further supported by the continuous, smooth surface of the spheres. Finally, the narrow tunnel through each sphere is characteristic of Keap1 and coincides well with the central channel in the crystal structure of the DC domain. This helps us to identify accurately the location of the DC domain within the sphere, with the remaining regions attributable mainly to IVR. These lines of structural information provide insight into the molecular basis of Keap1 sensor function.
It has been shown that oxidative and electrophilic stress signals lead to the modification of Cys273 and Cys288 residues within IVR. Our current finding of the structural proximity of IVR to the DC domain further supports the hypothesis that covalent modification of these cysteines may induce conformational change in IVR and affect the structural integrity of neighboring substratebinding DC domain, which eventually alters the substrate-binding ability of Keap1. Two DC domains in the Keap1 homodimer recognize two distinct degron motifs of Nrf2. Binding of DLG degron is weaker than that of ETGE degron, and the DLG degron appears to dissociate upon modification of the cysteine residues (27) . We refer to this mechanism as the hinge and latch model (27) .
In addition to the cysteine residues in the IVR, Cys151 in the BTB domain also plays an important role in the stress sensing. In the present reconstruction analysis, the assigned position of Cys151 is remote from the substrate-binding DC domain. Therefore, we suggest that stress modification of Cys151 may not impair recognition of Nrf2, but rather that it induces dysfunction of the E3 ligase by intervening in the other domains of the modular holoenzyme. High-resolution imaging by a cryoEM single particle analysis is essential to determine the precise location and the structure-function relationship of this important cysteine in the oxidative/electrophilic stress response.
In the x-ray atomic model, the DC domain has a drum-shaped β-propeller structure with a narrow channel in the center. The substrate-binding interface is located at the bottom of the molecule and is composed of positively charged residues, which stabilize its interaction with both ETGE and DLG degron motifs. We infer that the asymmetry observed within Keap1 might facilitate its complex formation with asymmetric Nrf2. In this scenario the ETGE motif first binds to one DC domain of the homodimer and this facilitates the DLG motif binding to the other DC domain. The two-site binding stabilizes the Keap1-Nrf2 complex structure and gives rise to the structural basis for the efficient ubiquitination of Nrf2. Perturbations of this structural integrity by cysteine modifications reduce the E3 ubiquitin ligase activity and result in stabilization (or derepression) of Nrf2.
The estimated distance between the two binding pockets of DC domains in the reconstruction is 80 Å. In addition, our particle images of Keap1 produced minor populations with both relatively distant and relatively closer globular domains, suggesting that the stem domain or linker arm region may be flexible. Previous NMR structural studies (27) revealed that 47 amino acid residues (Leu30 to Leu76) reside between the two degrons in Nrf2 and, of these, 33 residues form an α-helix (Phe39 to Phe71), which theoretically accounts for approximately 49 Å. The NMR analysis further revealed that the α-helix is mostly rigid, whereas the region from the N-terminal to the α-helix is rather flexible (27) . Given that an extended polypeptide chain is, in theory, 3.5-Å long per amino acid, the rest of the 14 residues should result in a length of approximately 49 Å, if this region were fully stretched. This results in approximately 98 Å between the two degrons. One possibility is that the distance between the two DC domains may be critical for the two-site substrate-binding or recruitment of the Neh2 domain to Keap1. This is one of the important questions for future study.
Methods
Detailed methodology is provided in SI text.
Protein Purification and EM. Recombinant Keap1 was expressed as C-terminal His-tagged fusion protein and purified using Ni-NTA agarose. The Keap1 dimer was purified twice with Superdex S-200 SEC. Keap1 protein at approximately 50 μg∕mL was adsorbed by thin carbon film supported by copper mesh grid, negatively stained, and observed by using a JEOL 100CX transmission EM at a magnification of 52,100 at a 100-kV acceleration voltage. Images were recorded on films and digitized at a pixel size of 1.92 Å at the specimen level. Molecular complexes between Keap1 and antibodies were generated, separated from unbound proteins, negatively stained, and observed by EM (41) . Anti-Keap1 antibody/protein G-gold/Keap1 protein complexes were similarly purified, isolated using SEC, negatively stained, and observed by EM.
Automated Particle Selection and Image Analysis. Image analysis was performed with our SPINNS program (33) (34) (35) (36) and IMAGIC V (37). Twohundred and sixteen Keap1 projections were selected (34) and used to train a neural network (NN) (33, 42) . With the trained NN, 12,651 particles were selected, aligned (32, 43) , and sorted (35) . Their class averages were adopted as new references, and this cycle was repeated. Euler angles of the class averages were determined by the echo-correlated three-dimensional reconstruction method with simulated annealing (36) . A primary three-dimensional density map was calculated and refined, also in cycles (32, 36) . Particle images that correlated poorly with the three-dimensional projections were automatically rejected, so that the final reconstruction includes 9,827 particles, 77.7% of all the selected images.
